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Formation of a transmembrane lectric potential coupled to ATP hydrolysis is demonstrated in chloroplast 
ATPase complex containing proteoliposomes. The ATP-induced signals were detected through absorbance 
changes of the membrane potential-responding dye oxonol VI. They were inhibited by the specific energy- 
transfer inhibitor, tentoxin and the ionophore valinomycin while stimulated by nigericin. Calibration of 
the transmembrane potential signal was possible by the application of a proton diffusion potential. The 
ATP-induced transmembrane potential was estimated to be 40-50 mV. 
Transmembrane lectric potential Chloroplast ATPase complex Proteoliposome A TP h vdrolvsis 
Oxonol VI 
1. INTRODUCTION 
The chloroplast ATP synthase complex (CF,- 
CFo) catalyses ATP formation coupled to proton 
efflux from the intra-thylakoid space. After light 
activation in the presence of a thiol reagent, the 
reverse process has been demonstrated; i.e., ATP 
hydrolysis coupled to proton influx into the intra- 
thylakoid space [ 11. This ATP-driven proton up- 
take leads to the formation of both a transmem- 
brane pH gradient, ApH [2] and a transmembrane 
potential difference, A# [3-51. 
The chloroplast ATP synthase has been isolated, 
purified and reconstituted into liposomes [6]. The 
reconstituted enzyme catalyses ATP-Pi exchange 
as well as ApH-driven ATP formation [6-81. 
Here we demonstrate an ATP-induced A+ for- 
mation in CF,-CF,-containing proteoliposomes, 
utilizing the membrane potential-sensitive dye, 
Abbreviations: CFr-CFo, chloroplast ATP synthase 
complex; ApH and A$, transmembrane pH and elec- 
trical gradients; FTS, freeze-thaw-sonicate technique; 
SF-6847, 3,5-di-tertbutyl-4-hydroxybenzylidene malono- 
nitrile. 
Chloro&ast 
oxonol VI. The kinetics and magnitude of the 
ATP-induced signals were characterized in relation 
to their sensitivity to ATPase inhibitors, iono- 
phores, temperature, protein : lipid ratio and deter- 
gent content. An attempt to calibrate the signal is 
also described and discussed. 
2. MATERIALS AND METHODS 
Spinach was grown [9], chloroplasts (class C) 
were prepared [lo] and chlorophyll determined 
[ll] as described. CF,-CFe complex was isolated 
from spinach leaves according to [6]. The am- 
monium sulfate precipitate (37-45%) was recon- 
stituted into liposomes by 3 different techniques: 
(i) Cholate dilution (CD): Soybean phospho- 
lipids (40 mg/ml) were sonicated to clarity (in a 
bath-type sonicator) in a medium containing 0.2 M 
sucrose, 10 mM KCl, 3 mM MgCl,, 20 mM Na- 
Tricine (pH 8) and 1.4% (w/v) Na-cholate (re- 
crystalized according to [12]). The enzyme com- 
plex (2.5-3 mg/ml) was incubated for 20 min at 
0°C with this lipid-cholate mixture and stored 
under liquid nitrogen. For assay, samples were 
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thawed and diluted 40-fold into the reaction mix- 
ture. Alternatively, a two-step dilution was used 
which further reduced the detergent content. Ali- 
quots were first diluted lo-fold, then passed 
through Sephadex G-50 columns in Pasteur pipet- 
tes, and the eluent brought up to the final volume 
(overall dilution factor was also 40). The latter 
procedure did not increase the enzyme’s activity 
but yielded less permeable vesicles as indicated by 
the calibration experiments. 
(ii) Freeze-thaw-sonicate (FTS): The phospho- 
lipids (40 mg/ml) were sonicated to clarity in a 
medium containing 40 mM Na-Tricine (pH 8) and 
0.1 mM EDTA, mixed with the enzyme (0.5 
mg/ml) and rapidly frozen and stored in liquid 
nitrogen. Before use, samples were slowly thawed 
at room temperature and then briefly sonicated 
(20 s). 
(iii) 37°C incorporation: The enzyme precipitate 
was suspended in 0.2 M sucrose, 3 mM KCl, 
3 mM MgCl,, 20 mM Na-Tricine (pH 8) accor- 
ding to [6] and stored under liquid nitrogen. For 
reconstitution, samples were thawed and incor- 
porated into large phospholipid vesicles (prepared 
in the reaction mixture by FTS, [13]) by 10 min in- 
cubation at 37”C, then diluted into the assay 
medium. 
Absorbance changes of oxonol VI at 603-590 nm 
or 630-603 nm, were measured in an Aminco 
DW-2 dual-wavelength spectrophotometer equip- 
ped with temperature control and a stirring device. 
Actinic light was provided by a 250 W slide pro- 
jector through 10 cm water and a Schott RG-665 
filter. Light intensity at the cuvette was about 
lo6 erg.cmT2.s- ‘. The photomultiplier was pro- 
tected from the actinic light by 1 cm of half- 
saturated CuS04 solution. Reaction mixture con- 
tained 20 mM KCl, 2 mM MgC12, 1 mM KH2P04, 
20mM Na-Tricine (pH 8), 1 PM oxonol VI and 
vesicles as indicated in the legends (final cont. 
1 mg lipid/ml). 
Soybean phospholipids (asolectin type II-s), 
valinomycin and ATP were purchased from 
Sigma. Oxonol, tentoxin, SF-6847 and nigericin 
were kindly provided by Dr Bashford of the 
Johnson Foundation (Philadelphia PA) Dr Selman 
of the Department of Biochemistry, University of 
Wisconsin (Madison WI) Dr Y. Nishizawa, 
28 
Sunitomo Chemical Industry (Osaka) and Eli Lilly 
Lab., respectively. 
3. RESULTS 
The addition of ATP to CF,-CF,, proteolipo- 
somes, induced an absorbance change of oxonol 
VI. The signal was enhanced by nigericin (which 
permits a K+/H+ exchange across the membrane) 
and was completely abolished by the potassium 
ionophore valinomycin and by the protonophore 
SF-6847 (fig. 1). Nigericin added before the ATP, 
increased the ATP-dependent signal, and valino- 
mycin added before the ATP abolished it com- 
pletely. Preincubation with tentoxin, a specific 
CF, ATPase inhibitor [14], severely inhibited the 
ATP-induced signal. The initial rapid absorbance 
decrease observed upon the addition of ATP (in 
fig. 1) was an artifact probably due to chelation of 
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Fig. 1. ATP-dependent oxonol VI response in CFl-CFo 
incorporated proteoliposomes. The liposomes were pre- 
pared by cholate dilution. Na-ATP, nigericin, valino- 
mycin, SF 6847 and tentoxin were added where indicated. 
The measurements were carried out at room 
temperature. 
Volume 150, number 1 FEBS LETTERS December 1982 
m5pM k 
t 0002 OD 
Mq ATP, Imhl 
Fig. 2. Temperature dependence of ATP induced mem- 
brane potential formation in CFr-CFo proteoliposomes. 
Reaction conditions as in fig. 1 except for the indicated 
temperature, and the use of Mg-ATP. 
Mg2+ by the added ATP, [15]. It was also ob- 
served when EDTA replaced ATP (not shown), 
and was absent when Mg-ATP replaced of Na- 
ATP (see fig. 2). Similar results were observed with 
vesicles prepared by cholate dilution (fig. l), FTS 
and 37°C incorporation (not shown). 
The effect of temperature on the ATP-depen- 
dent oxonol VI signal is shown in fig. 2. Tempera- 
ture affects both the turnover rate of the enzyme 
and the membrane permeability to ions. Indeed, at 
lower temperatures A# was formed much slower, 
but the magnitude of the signal was somewhat 
larger. 
Fig. 3 illustrates the effect of temperature on the 
light- and ATP-induced signals in chloroplasts in 
[4]. As can be seen, both the light- and ATP- 
induced signals depend on temperature in the same 
way as the liposomal system with faster kinetics 
but smaller extents at higher temperatures. How- 
ever, A$ formation in chloroplasts shows typically 
biphasic kinetics (fig. 3 and [4]) which are not 
observed in proteoliposomes. This may indicate a 
lower permeability of the liposomes to counter 
ions [16]. 
A major difficulty in measurements of A$ by 
potential-sensitive dyes relates to difficulty in cali- 
bration of the signals in terms of transmembrane 
potential. The often-used, valinomycin-induced 
K+ diffusion potential, is inadequate for oxonol VI 
since the dye responds to changes in ionic strength 
[41. We used proton diffusion potentials to cali- 
brate the oxonol VI signal in chloroplasts in [4] 
and showed that the signal correlated well with the 
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Fig. 3. Temperature dependence of light- and ATP- 
induced membrane potential formation in spinach 
chloroplasts. Reaction conditions as in section 2 except 
for the addition of 5 mM dithiotreitol, 4 PM phenazine 
methosulfate and chloroplasts containing 50 pg 
chlorophyll/ml. Actinic light was turned on and off and 
ATP was added where indicated. 
extent of the induced change in pH. However, an 
accurate calibration was complicated by the fast 
decay of the signals in the chloroplast system. As 
can be seen in fig. 4 calibration could be accurately 
performed with FTS proteoliposomes since the 
signal decayed very slowly enabling an easy ex- 
trapollation to zero time. Valinomycin caused a 
rapid decrease of this signal, indicating that it 
indeed reflects A+. 
The response of oxonol VI to proton diffusion 
potentials formed by injection of a strong acid to 
a phospholipid vesicle preparations was found to 
depend very much on the type of the liposomes. In 
29 
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Fig. 4. Proton diffusion potential-dependent oxonol VI 
signal in CFr-CFo proteoliposomes. Liposomes were 
prepared by FTS as in section 2. Microliter amounts of 
HzS04 (1 M stock solution) were injected to yield the 
indicated final pH. Valinomycin (0.5 PM) was added 
where indicated. H2so4 
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Fig. 5. Proton diffusion potential-dependent oxonol res- 
ponse in proteoliposomes prepared by cholate dilution. 
Vesicles were prepared by the CD procedure followed by 
Sephadex gel filtration as in section 2. HCl-induced 
signals were followed at either 36°C or 5”C, as 
indicated. 
proteoliposomes which were prepared by cholate 
dilution, no acid-jump-induced oxonol VI absor- 
bance change could be detected, presumably indi- 
cating a rapid decay within less than the instrument 
time resolution (not shown). This is supported by 
Fig. 6. Proton diffusion potential-dependent oxonol 
response in proteoliposomes with varying amounts 
CFr-CFo. Sonicated asolectin liposomes were incubated 
for 10 min at 37°C in the presence of the indicated 
amounts of the isolated enzyme complex. Final lipid 
concentration was 1 mg/ml in each trace. 
the observation that when such vesicles were 
passed through Sephadex, which removed some of 
the remaining cholate, an acid-jump-induced A# 
formation and dissipation could then be followed 
(fig. 5). As can be seen the acid-jump-induced sig- 
nal was also sensitive to temperature, with a larger 
magnitude and slower decay at the lower tempera- 
ture. 
The rate of decay of the acid-induced signal in 
proteoliposomes (indicating leakiness) was also a 
function of the amount of the ATP synthase com- 
plex incorporated into the liposomes (fig. 6). The 
higher the protein: lipid ratio the faster was the 
decay. As expected, the ATP-dependent signal in 
those liposomes was larger in the proteoliposomes 
with the higher protein:lipid ratio (not shown). 
4. DISCUSSION 
This report illustrates the formation of an ATP- 
dependent membrane potential in proteoliposomes 
reconstituted with isolated CF,-CF, complex. The 
sensitivity of the oxonol VI signals to ionophores 
and protonophores and to energy-transfer inhibi- 
30 
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tors suggests that it reflects electrogenic proton 
uptake coupled to ATP hydrolysis by the reconsti- 
tuted ATPase. An ATP induced A$ formation was 
measured in liposomes containing the H+-ATPase 
complex of thermophilic bacteria by the use of 
anilinonaphthalene sulfonate (ANS). The signal 
was also increased by nigericin and abolished by 
valinomycin in the presence of K+ [17]. An ATP- 
dependent oxonol VI signal was also observed in 
mitochondrial F,-F, proteoliposomes which were 
partially purified by lysolecitin [ 151. 
An ATP-dependent ApH formation was ob- 
served in liposomes reconstituted with the TFr-TFu 
from thermophilic bacteria [17], EF,-EF, from E. 
coli [ 181 or RF,-RF0 from Rhodospirillum rubrum 
[ 191. Using several ApH probes, we were unable to 
detect an ATP-induced ApH in the CF,-CFu re- 
constituted liposomes described here. 
The calibration of the oxonol signals by im- 
posing a proton diffusion potential seems to pro- 
vide a reasonable substitute for the classical 
K+-diffusion potentials which cannot be used with 
the oxonol probe. The H+-diffusion potential in- 
duced signal was shown to be fully reversible, as 
may be expected, since the potential should be 
fully dissipated with time (fig. 4-6). By measuring 
the pH before and after the addition of the acid, 
the magnitude of proton diffusion potential can be 
easily determined. Using this technique, we esti- 
mate the average ATP-induced signals to be 
40-50 mV in the proteoliposomes described here. 
The acid-jump signal can also be used to assess 
the non-specific ion permeability of the liposomes. 
The decay rate of the acid-induced signal is faster 
in ‘leaky’ liposomes (fig. 5,6). Increased perme- 
ability was observed under higher temperatures 
(fig. 5), larger protein:lipid ratio (fig. 6) or higher 
detergent content. FTS liposomes were least per- 
meable to ions as indicated by the very slow decay 
of the acid-induced oxonol signal (fig. 4). This 
agrees with direct measurements of ion movement 
in such vesicles [13]. CD liposomes, on the other 
hand, seem to be so leaky that acid-induced signals 
could not be detected unless they were passed 
through Sephadex. Since the size of the vesicles 
should also affect the rate of equilibration of the 
ion electrochemical gradients, a comparison of 
permeability between liposomes of different sizes 
cannot be easily made. The acid-jump seems to 
work best with relatively large and impermeable 
vesicles. Finally, it may be worth mentioning that 
all calibration methods which employ diffusion 
potentials do not distinguish between plain and 
protein-containing liposomes. When the fraction 
of non-protein (or inactive protein)-containing 
liposomes is large this will lead to an underestima- 
tion in the calculated ATP-induced potential. 
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